Abstract-The uterosacral ligament (USL) is a major suspensory structure of the female pelvic floor, providing support to the cervix and/or upper vagina. It plays a pivotal role in surgical procedures for pelvic organ prolapse (POP) aimed at restoring apical support. Despite its important mechanical function, little is known about the mechanical properties of the USL due to the constraints associated with in vivo testing of human USL and the lack of validated large animal models that enable such investigations. In this study, we provide the first comparison of the mechanical properties of swine and human USLs. Preconditioning and pre-creep data up to a 2 N load and creep data under a 2 N load over 1200 s were obtained on swine (n = 9) and human (n = 9) USL specimens by performing planar equi-biaxial tensile tests and using the digital image correlation method. No differences in the peak strain during preconditioning tests, secant modulus of the pre-creep response, and strain at the end of creep tests were detected in the USLs from the two species along both axial loading directions (the main in vivo loading direction and the direction that is perpendicular to it). These findings suggest that the swine holds promise as large animal model for studying the mechanical role of the USL in apical vaginal support and treatment of POP.
INTRODUCTION
Pelvic organ prolapse (POP) is a very common disorder, affecting up to 50% of women. 5 The number of women with POP is expected to increase by 46% by 2050 due to the growing older population. 51 This condition, characterized by an abnormal descent of the female pelvic organs, adversely affects women's quality of life, including social, psychological, occupational, physical, and sexual well-being. 28, 35 Although the etiology has not been fully elucidated, vaginal delivery, obesity, and aging have long been linked to the development of POP. Treatments may vary based upon patient symptoms and preferences but, in many cases, patients opt for surgery. Unfortunately, the success rate of current POP surgeries is low, with 40% of women still experiencing prolapse symptoms 2 years after the surgery. 6 The goal of pelvic reconstructive surgeries is to restore the pelvic floor support so that the patient can maintain a normal quality of life. For many years, surgeons have used endogenous tissues in these procedures. The most used endogenous structure for apical prolapse repair is the uterosacral ligament (USL). The USL connects the cervix or vagina to the sacrum, providing support to the uterus/cervix/vagina complex. The name ''uterosacral ligament'' is a misnomer since this is not a ligament in a traditional sense. It is primarily composed of collagen fibers and smooth muscle cells with an automic nerve supply and a network of blood vessels. 40 Given the high failure rate of native tissue POP repairs, surgeons started to augment vaginal POP reconstructions with synthetic mesh grafts. Unfortunately, these grafts are associated with an unacceptable rate of complications, 18 culminating with Public Health Notifications issued by the U.S. Food & Drug Administration. To date, the potential benefits of synthetic meshes in POP repair are unclear. Because of the very important role played by the USL in the normal support of the pelvic organs and in reconstructive surgeries, research is needed to advance our limited knowledge about the mechanical properties of the USL. Indeed, the success of USL suspension surgeries relies heavily on the mechanical properties of this ligament and ideal grafts must target the mechanical properties of the endogenous host tissues.
The mechanical behavior of the USL is determined by its composition. Several histological studies have been conducted to identify the main components of the human USL using either tissue from cadavers 10, 15 or from patients undergoing hysterectomy. 8, 9, 22, 23 Recently, two histological studies have been carried out on USL tissue from other species in order to establish the use of animal models for USL research.
24, 26 Gruber et al. 24 found that the swine USL contained a moderate amount of collagen, an extensive amount of elastin, and smooth muscle and initially proposed the swine as a possible animal model for POP. Iwanaga et al. 26 undertook a comparative histological study of human, rat, and mouse USLs and found that the human and rat USLs have comparable collagen and smooth muscle contents, suggesting that the rat is also an appropriate and cost effective animal model. The composition of the USL alone does not necessarily ensure that the mechanical function of the human USL and of the USLs from other species are comparable but mechanical tests are needed. To date, there are no mechanical studies that directly compare the human USL to the USLs from other species.
Ex vivo uniaxial tests have been conducted to characterize the mechanical behavior of the human USL. 13, 37, 41, 42 In these studies, mechanical data were collected either using cadaveric tissue or fresh tissue collected from women undergoing hysterectomy. The measured mechanical properties were thus inevitably affected by the medical history, age, and parity of the donor/patient. While ex vivo studies have provided very valuable information with regards to the elastic and viscoelastic properties of the USL, in vivo mechanical tests of the USL, whenever possible, are ideal. 36, 43 However, these tests can be conducted in humans only over a very short period of time due to ethical concerns associated with subjecting patients to mechanical testing for extended periods of time.
The use of large animal models for studying the mechanical function of the USL for the prevention and treatment of POP is crucial since the health state, age, and parity of the animals can be controlled. Using the monkey, Vardy et al. 47 measured the uniaxial elastic and stress relaxation response of USLs while, more recently, we characterized the elastic, stress relaxation and creep properties of the USL (and cardinal ligament) using the swine as animal model. 1, 2, 7, 45, 46 In addition to uniaxial tensile tests, 46 planar biaxial tensile tests, which better emulate the complex in vivo loading conditions of the USL, were performed. 2, 7, 45 This study presents a direct comparison of the mechanical properties of swine and human USLs in order to evaluate the swine as an animal model for POP. Unlike previous studies, the preconditioning/cyclic loading, pre-creep/elastic, and creep responses of USL specimens under biaxial loading are determined by performing detailed and accurate strain analysis using the digital image correlation method (DIC). To our knowledge, there are no published studies that directly compare the biaxial mechanical properties of human USL to those of USL from other species. Additionally, there are no studies that present biaxial mechanical data of human USL tissue. The findings of this novel research will not only provide a preliminary evaluation of the swine as large animal model for mechanical testing of the USL but also offer new mechanical data on human USL.
MATERIALS AND METHODS

Swine Specimen Preparation
This study was conducted with the approval of the Institutional Animal Care and Use Committee (IA-CUC) at Virginia Tech. Eleven adult (3-4 year-old, approximately 450 lbs) domestic swine were obtained from a slaughterhouse (Gunnoe Sausage Co., Goode, VA). Nine swine were used for mechanical testing and two for histology. The USLs were harvested from the swine using previously detailed techniques 46 in the region extending from the cervix to and around the rectum. Given the size of the USL, only one square specimen was selected from each swine for mechanical testing. The specimens (n = 9) were hydrated in phosphate-buffered saline solution (PBS, pH 7.4, Fisher Scientific, USA) and stored at 2 20 C until testing. For histological analysis, n = 4 specimens (2 from each swine) were harvested from the USLs and immediately placed in 10% buffered formalin solution.
Human Specimen Preparation
Human fresh cadaveric bilateral USLs were procured from four unpreserved female donors, whose medical records were available for review, through collaboration with the Bequest Body Donation Program at the University of Minnesota. Donors with history of symptomatic POP, pelvic reconstructive surgeries, hysterectomy, pelvic malignancy, pelvic radiation, connective tissue disorders, myopathy, or POP distal to the hymen on post-mortem examination facilitated by the Crede´'s Maneuver were excluded. The study was exempt from the Institutional Review Board approval, as it did not include living human subjects. The average age and body mass index of the cadaveric donors were 65.5 ± 12.3 years (mean ± standard deviation (SD)) and 23.2 ± 5.5 kg/m 2 (mean ± SD), respectively. Out of four donors, three were nulliparous and one was parous, with history of three vaginal deliveries. Bilateral USLs were identified by tracking each ligament along its length from origin to insertion and harvested in their entirety within 96 h post-mortem. The proximal ends of the ligaments were tagged with a single suture to guide specimen orientation during subsequent mechanical testing. The USLs were stored in PBS solution at 4 C and shipped overnight on ice to Virginia Tech.
Once received, due to size limitations, seven USL square specimens were isolated from seven of the eight USLs and two USL square specimens were isolated from one USL for mechanical testing. These specimens (n = 9) were stored in PBS at 2 20°C until mechanical testing. Specimens intended for histological analysis (n = 4) were collected from the remaining portions of the USL that included the mid to distal regions (n = 2) and mid to proximal regions (n = 2). They were placed in 10% buffered formalin and stored in 70% ethanol until testing at room temperature.
Histology
Swine and human USL specimens were gradually dehydrated in a graded ethanol and xylol series, embedded in paraffin wax, and cut into 4 lm thin sections with a microtome. Four sections from each specimen were stained with the Masson's trichrome (MT) and four sections with the Verhoeff-van Giesson (VVG). The histological slides were examined under a light microscope (DMI6000B, Leica Microsystems, Bannockburn, IL, USA) equipped with a scanning stage (LMT260, Leica Microsystems, Bannockburn, IL, USA ) at Â40 magnification and images were collected using a digital microscope camera (DMC4500, Leica Microsystems, Bannockburn, IL, USA). Smooth muscle and collagen contents were determined from the MT-stained slides while elastin content was quantified from the VVG-stained slides. Five areas (1160 Â 870 lm 2 ) were randomly selected per each cross-section and divided into 4 Â 4 tiles (290 Â 218 lm 2 ) for quantification analysis with a color deconvolution plug-in (http://4n6site.com) of Adobe Photoshop software and ImageJ (NIH, MD), using previously published protocols. 26, 33 Briefly, the color representing one component (e.g., blue for collagen using the MT method) was selected while all other colors were eliminated from the image using Adobe Photoshop software. Then, using ImageJ, the number of pixel that remained in that color were counted and divided by the total number of colored pixels (excluding white pixels) in the entire image. This number represented the relative content of that component. It was averaged over the five random areas selected from a given histological slide and over the total number of slides (n = 4 swine USLs or n = 4 human USLs).
Mechanical Testing
The ligaments were thawed at room temperature and cut into squares ranging from approximately 2.3 Â 2.3 cm 2 to 3 Â 3 cm 2 specimens. The thickness of each specimen was measured in 4 different locations using a digital caliper (accuracy: ± 0.05 mm, Series 573, Mitutoyo, Japan) under a 50 g compressive load and the average was computed. The specimen was gripped with 4 safety pins on each of the four sides and mounted into an Instron planar biaxial testing system equipped with four 20 N load cells (accuracy: ± 0.02 N, Instron, UK). The two axial loading directions were selected in the main in vivo loading direction of the USL and the direction perpendicular to it. For each specimen, the distances between the safety pins were used to compute the side length of the specimens using ImageJ (NIH, Bethesda, MD). These lengths were then multiplied by the specimen's average thickness to determine the specimen's undeformed crosssectional area along the main in vivo and perpendicular loading directions. The specimen was then lowered into a bath made of acrylic glass (Perspex, UK) which was filled with PBS at room temperature (21 C) . A cover, also made of acrylic glass, was placed over the bath, making complete contact with the PBS to avoid subtle fluid movements that could influence the strain measurement.
The 3D DIC technique was employed for noncontact strain measurement. The DIC system (VIC-3D, Correlated Solutions, Columbia, SC) consisted of two CCD cameras (Prosilica GX 1660, Allied Vision Technologies, Exton, Pennsylvania, USA) equipped with macro lenses (AT-X 100 mm F2.8 AT-X M100 Pro D Macro Lens, Tokina, Tokyo, Japan) that were utilized to capture high resolution (1600 Â 1200 pixels) images of each specimen during testing. Before each test, images of a 12 Â 9 mm 2 plastic grid with 4 mm spacing were taken in order to calibrate the system. Each specimen was immersed in a solution of PBS and methylene blue, 1% aqueous solution (Fisher Science Education, USA) and a speckle pattern was created on the surface of the specimen using an aerosol fast dry gloss white paint (McMaster-Carr, USA). 34 Both swine specimens (n = 9) and human specimens (n = 9) were preloaded to 0.1 N and preconditioned by loading/unloading them from 0.1 to 2 N ten times at 0.05 N/s loading rate in both axial loading directions. Following preconditioning, the specimens were unloaded and allowed to recover for 600 s (= 10 min). They were then stretched along the two loading directions at 0.05 N/s loading rate until an equi-biaxial load of 2 N was reached. The equi-biaxial load of 2 N was held constant for 1200 s (= 20 min). The load level was selected based on previous studies conducted by Luo et al. 36 The time interval for creep tests was chosen based on the work by Tan et al. 45 showing that the largest increase in strain for the swine USL/cardinal ligament complex occurred over the first 20 min.
For each specimen, preconditioning/cyclic, precreep/elastic, and creep data were collected in the main in vivo loading direction and in the perpendicular direction. For the preconditioning/cyclic, pre-creep/ elastic, and creep portions of the test, the nominal normal stress in the main in vivo or perpendicular loading direction for each specimen was calculated by dividing the axial load in that direction by the specimen's undeformed cross sectional area that was perpendicular to such direction. This quantity will be referred simply as ''stress'' hereafter. Using the DIC method, the Lagrangian strain of each tested specimen was calculated. More specifically, a square region was selected in the center of each specimen and the local normal Lagrangian strain in both axial loading directions at every second for the entire duration of each test (preconditioning/cyclic, pre-creep/elastic, and creep tests) was recorded. These local normal Lagrangian strains were then averaged over this square region, resulting, at every second, in a single average normal Lagrangian strain value along the main in vivo loading direction and a single average normal Lagrangian strain value along the perpendicular loading direction for a given specimen. The average normal Lagrangian strain calculated for one specimen in each of the axial loading directions will be further referred simply as ''strain'' in such direction.
The secant modulus for each specimen in each loading direction was computed as the slope of a secant line drawn from the first and last point of the precreep/elastic stress-strain curve in such direction. In each loading direction, the strain during creep was also normalized by dividing it, at each second, by the corresponding pre-creep peak strain. Moreover, the creep rate in the main in vivo or perpendicular loading direction was calculated for each specimen as the slope of the linear regression line of the normalized strain vs. time data in the corresponding direction using logarithmic scales. 25 
Statistical Analysis
The Student's t test was used to compare the mean relative content of a given component in swine and human USLs (a ¼ 0:05) and the mean peak strain during preconditioning and creep for human or swine USLs in each loading direction. An analysis of variance followed by Fishers LSD post hoc analysis (a ¼ 0:05) was used to compare the mean peak strains recorded during preconditioning, the mean secant moduli of the pre-creep stress-strain curve, mean of the minimum, average (over the square region selected for strain measurement), and maximum strains at the end of the creep test (t ¼ 1200 s), and the mean creep rates across directions (main in vivo and perpendicular directions) and species (swine and human). All data are presented as mean ± standard error of the mean (SEM), unless noted otherwise. All statistical analyses were conducted using Minitab statistical software (Minitab 17, Minitab Inc.).
RESULTS
Both swine and human USLs are composed predominantly of collagen, followed by smooth muscle, with elastin representing the least abundant component. Figure 1 shows representative images of swine and human USLs stained with MT and VVG with collagen bundles, smooth muscle fibers, elastin, nerve fibers, arteries, and veins clearly visible in both groups. No significant differences were found in relative collagen content (swine: 83.31 ± 2.13% vs. human: 78.32 ± 1.97%, p>0:05) and in relative smooth muscle content (swine: 16.69 ± 2.13% vs. human: 21.67 ± 1.97% for human, p>0:05) between species. In contrast, the relative elastin content of swine USL was significantly lower than that of the human USL (swine: 5.91 ± 0.69% vs. human: 7.01 ± 0.87%, p<0:05).
Both swine and human USL specimens experienced lower strains in the main in vivo loading direction compared to the perpendicular loading direction during preconditioning (Fig. 2a) . However, when comparing the mean peak strains during preconditioning across loading directions and species, no significant differences were found (p>0:05) (Fig. 2b) .
The mean stress-strain data computed from both swine and human USL specimens during the pre-creep tests are reported in Fig. 3a . From the mean stressstrain curves, the human USL appeared to be stiffer than the swine USL. The mean secant moduli of the stress-strain curves are reported in Fig. 3b . For human USL specimens, the mean secant moduli in the main in vivo and perpendicular loading directions were 7.76 ± 1.65 and 6.00 ± 1.35 MPa, respectively. For swine USL specimens, the mean secant moduli in the main in vivo and perpendicular loading directions were 3.51 ± 0.61 and 4.87 ± 1.94 MPa, respectively. No significant differences were found when comparing the secant moduli of the stress-strain curves across loading directions and species (p>0:05).
The mean stresses for human USL specimens (n = 9) subjected to creep tests at 2 N equi-biaxial load were found to be 0.16 and 0.17 MPa in the main in vivo and perpendicular loading directions, respectively ( Table 1 ). The mean stresses for swine USL specimens (n = 9) subjected to creep tests at 2 N equi-biaxial load were found to be 0.10 and 0.09 MPa in the main in vivo and perpendicular loading directions, respectively ( Table 1 ). The mean initial creep strain (i.e. the mean strain at the beginning of creep at t = 0) was lower, but not significantly lower, in the main in vivo loading direction compared to the perpendicular loading direction for both swine and human USL specimens. No significant differences were found when comparing the mean initial creep strains across loading directions and species (p>0:05).
During creep, the mean strain over time always remained lower in the main in vivo loading direction compared to the perpendicular loading direction for both swine and human USL specimens (Fig. 4) . However, at the end of the creep test (t = 1200 s), the minimum, average, and maximum strains for both swine and human USL specimens along both loading directions were compared (Fig. 5) . No significant differences were found for both swine and human USL specimens along both loading directions (p>0:05).
The mean normalized strain vs. time data obtained during creep tests and the corresponding creep rates are shown in Fig. 6 . For human USL specimens, the mean peak strain during creep (or equivalently, the mean strain at the end of creep) was found to be 1.09 and 1.15 times the mean initial creep strain in the main in vivo and perpendicular loading directions, respectively. For swine USL specimens, the mean peak strain during creep was found to be 1.12 and 1.16 times the mean initial creep strain in the main in vivo and perpendicular loading directions, respectively. For both swine and human specimens, the mean normalized strain over time was larger in the perpendicular loading direction compared to the main in vivo loading direction. For human USL specimens, the mean creep rate was 0.020 ± 0.003 and 0.028 ± 0.006 1/s in the main in vivo and perpendicular loading directions, respectively, and, for swine USL specimens, it was 0.029 ± 0.008 and 0.031 ± 0.008 1/s in the main in vivo and perpendicular loading directions, respectively. No significant differences were found when comparing the mean creep rates across loading directions and species (p>0:05). In Fig. 7 , the comparison of the mean peak strain computed during preconditioning with the mean peak strain computed during creep, that is at the end of the creep test, for swine and human USL specimens for each loading direction is shown. Both swine and human USL specimens showed higher mean peak strain during preconditioning than during creep for both loading directions (p<0:05 for the preconditioning vs. creep comparison for human USL specimens in the main in vivo loading direction, p>0:05 for all other comparisons).
DISCUSSION
This study compared the mechanical behavior of the swine and human USLs. Under cyclic equi-biaxial loads to 2 N, during preconditioning, the swine USL appeared to achieve higher mean peak strains (5.70% and 8.12% in the main in vivo and perpendicular loading directions, respectively) than human USL (4.90% and 5.98% in the main in vivo and the perpendicular loading directions, respectively) (Fig. 2) . However, no statistical differences were found amongst the mean peak strain across species and directions. Similarly, no statistical differences were found in the mean secant modulus of the pre-creep stress-strain curve across species and directions although the mean secant modulus was higher for the human USL (Fig. 3) . During equi-biaxial creep tests at 2 N, the swine USL achieved higher mean strain (and normalized strain) over time in each loading direction than the human USL but, again, no statistical differences were found when comparing the mean peak strain during creep and the mean creep rates across species and loading directions (Figs. 4, 5, and 6 ). Overall the swine USL was found to be mechanically similar to the human USL, suggesting that the swine is . Mean (6 SEM) of (a) pre-creep stress-strain curves and (b) secant moduli of the pre-creep stress-strain curves in the main in vivo and perpendicular loading directions for swine USL specimens (n 5 9) and human USL specimens (n 5 9) equi-biaxially loaded up to 2 N (S denotes data from swine USL, H data from human USL, m data in the main in vivo loading direction, and p data in the perpendicular loading direction).
a good large animal model for testing the mechanical properties of the USL. Our quantitative analysis of MT-stained and VVGstained histological sections indicated that swine and human USLs had comparable relative collagen and smooth muscle content but different elastin content (Fig. 1) . Several studies have been conducted to identify the main components of the USL but only a few have quantified their contents in human or swine USLs. 22, 24, 26 Gabriel et al. 22 analyzed the composition of the cervical portion of the USLs in postmenopausal women via immunohistochemistry techniques and found that the USL from women without prolapse exhibited approximately 25% smooth muscle content. 22 These results are comparable to the results obtained in our study for human USL despite the fact that the histological sections of the human USL were isolated from different regions. The first histological study on the USL from swine was published by Gruber et al. 24 These authors described the collagen and elastin content with a subjective 1-to 5-point scale, where 1 indicated no collagen or elastin content and 5 indicating extensive collagen or elastin content. The collagen content was rated 2.5 and the elastin content was rated 5 for the USL in comparison to the elastin content of the vagina and cardinal ligament. Given the large amount of elastin reported by Gruber et al., 24 we also employed the VVG staining method to detect the relative amount of elastin in swine and human USLs. Our analysis showed that the swine USL had a significantly lower elastin content than human USL. In general, elastin in connective tissues allows for elastic strain recovery and resilience and, specifically in the human USL, large amount of elastin may be needed to allow a wide range of movements of the pelvic organs. 24, 29 In this study, we preconditioned swine and human USL specimens by applying cyclic loading at a constant magnitude and loading rate. Preconditioning reduces residual stresses in soft tissues and provides a repeatable no-load reference configuration. 21 The strain was found to increase slightly over time and reached a steady state after ten cycles (Fig. 2) . In early studies by Fung on mesenteric membranes, 19, 20 which are similar to the USLs, 40 the loading and unloading curves which were obtained by cyclically loading the membranes at a constant amplitude and elongation rate, never reached a steady state, even after several cycles. However, the difference in load recorded in successive cycles was observed to decrease with the number of cycles as in our study. Over the past years, a variety of preconditioning protocols have been proposed for soft tissues 11, 12, 14, 39, 50 but no consensus has been reached on the ideal protocol. More recently, some investigators have suggested that preconditioning protocols must be selected based on the mechanical tests that are performed. More specifically, a preconditioning protocol that includes both cyclic loading and stress relaxation tests with long recovery periods should be employed for characterizing the stress relaxation response. 11, 12 In our study, the protocol recommended by Carew et al. 11, 12 would have been unfeasible. We had to limit the overall testing time since the quality of the speckle pattern created for the DIC strain measurement was compromised with time. FIGURE 4 . Mean (6 SEM) strain vs. time for human USL specimens (n 5 9) and swine USL (n 5 9) specimens in the main in vivo and perpendicular loading directions subjected to 2 N equi-biaxial load (S denotes data from swine USL, H data from human USL, m data in the main in vivo loading direction, and p data in the perpendicular loading direction).
Overall, swine and human USLs exhibited a comparable elastic and creep response (Figs. 3, 4 , 5, and 6). However, the human USL appeared to be slightly stiffer than the swine USL. This was confirmed by the slightly higher mean secant modulus of the stressstrain curve in both loading directions for the human USL when compared to the swine USL (Fig. 3) . Moreover, the swine USLs deformed more, but not significantly more, than the human USLs during creep (Figs. 4 and 5) . These difference may be attributed, in part, to the differences in how the swine and human tissues were handled post-mortem. Before mechanical testing, the swine USLs were dissected within 4 h of death and then placed in PBS at À20 C while the human USLs were dissected 96 h post-mortem and then preserved in PBS at À20
C. The onset of rigor mortis, which is marked by a shortening of muscle fibers and an increase in the rates of glycolysis, lactic acid levels, and adenosine diphosphate levels in tissues, has been shown to be delayed by a decrease in temperature. 3, 4, [30] [31] [32] 38 The human USL was thus able to achieve higher levels of rigor mortis than the swine USL. This may have contributed to the increase in stiffness measured during pre-creep tests and decrease in strain measured during creep tests for the human USL.
While no studies report the secant moduli of the USL computed via biaxial testing, some studies have reported the elastic modulus of the USL computed from the linear region of the stress-strain curve collected along the main in vivo loading direction via uniaxial tests. 37, 46, 47 In the study by Vardy et al., 47 elastic moduli of postmenopausal monkey USLs were determined at different strain levels from incremental pre-relaxation stress-strain curves, reaching a value of 1.00 MPa at 30% strain. By testing USLs up to failure, Martins et al. 37 reported a mean value of 14.1 MPa, ranging from 5.7 to 26.1 MPa, for human USLs while Tan et al. 46 reported values that ranged from 0.5 to 3 MPa for the toe region and from 20 to 39 MPa for the linear region for swine USLs. These values are comparable to the secant moduli that are reported for swine and human USLs in our study (Figure 3) . In our study, the stress-strain data were collected during pre- creep tests by equi-biaxially loading the USL specimens only up to 2 N. Therefore, we obtained lower stresses ( Table 1 ) that those reported in previous studies 37, 46 and, consequently, lower values of the secant moduli.
Obtaining human USLs from healthy fresh cadavers was challenging. The human donors were postmenopausal and their age and parity could not be controlled. Similarly, the swine were of comparable weight but their age and parity were not controlled, and they were not ovariectomized to surgically induce menopause. These differences among swine and human subjects have likely introduced variability in the collected mechanical data. For example, menopause has been shown to alter the mechanical properties of the USLs in monkeys 47 and women undergoing hysterectomy. 41 Moreover, only nine human specimens were tested and the results were compared to an equal number of swine specimens. We conducted a statistical power analysis with each data set that is presented in this study and determined that the statistical power ranged between 0.28 and 0.35. These values are quite low and approximately 125-135 specimens would be required to detect a possible difference in mechanical properties between human and swine specimens. The lack of a large controlled number of specimens was clearly a limitation of this study as well as a limitation of similar studies. As mentioned previously, there is only one study that compares human USL to USLs from other species, and it solely focuses on histology. 26 In the cited histological study, only 3-4 specimens from each species were compared.
The DIC method was used throughout the preconditioning/cyclic loading, pre-creep/elastic, and creep tests for non-contact strain measurements. As shown in Fig. 5a , the measured Lagrangian strain was not uniform across the specimens. The differences in strain can be better appreciated by comparing the minimum, maximum, and average strain values reported in Fig. 5b . The non-homogeneous deformation may be the result of inherent inhomogeneities of the specimens but it may be also determined by the clamping technique. Indeed, several studies have shown that clamping techniques affect the strain fields in planar biaxial testing of soft tissues. 17, 27, 44, 48, 49 For nonlinear materials, Eilaghi et al. 17 concluded that having the attachment points span a wide zone along each edge of the specimen leads to a more uniform strain field. These investigators also noted that any shifts in the alignment of the attachment points along one edge of the specimen can significantly distort the strain field. Precautions were taken in our study to ensure the 6. Mean (6 SEM) of (a) normalized strain vs. time and (b) creep rates in the main in vivo and perpendicular loading directions during creep at 2 N equi-biaxial load for swine USL specimens (n 5 9) and human USL specimens (n 5 9) (S denotes data from swine USL, H data from human USL, m data in the main in vivo loading direction, and p data in the perpendicular loading direction). . Mean (6 SEM) peak strains calculated during preconditioning and creep (at the end of creep at t 5 1200 s) in the main in vivo and perpendicular loading directions for swine USL specimens (n 5 9) and human USL specimens (n 5 9). (S denotes data from swine USL, H data from human USL, m data in the main in vivo loading direction, and p data in the perpendicular loading direction).
alignment of the pins along each side of the specimens by using a stamp to mark the points where the safety pins were to be inserted and a plastic grid to guide the safety pin placement. However, misalignment of the attachment points was inevitable due to the soft nature of the specimens, and this likely affected the strain field uniformity. Preconditioning data are rarely published since, as discussed above, preconditioning is only used to establish a repeatable no-load reference configuration. Many investigators in biomechanics have questioned the benefits of preconditioning and they have excluded it from their protocols. We opted to present the mechanical data we collected during preconditioning since, if preconditioning is not deemed necessary, these data can be interpreted as cyclic loading data. We then compared the mean peak strain during preconditioning/cyclic loading to the mean peak strain during creep for both the swine and human USL specimens (Fig. 7) . Our goal was to determine differences in strain of the USL under cyclic equi-biaxial loads of 2 N at constant loading rate and under constant equi-biaxial loads of 2 N over time. From our results, strains achieved during cyclic loading were higher than those achieved during creep for both species in both loading directions. Specifically for human tissue, the mean peak strain achieved during cyclic loading was significantly higher than the mean peak strain achieved during creep along the main in vivo loading direction (Fig. 7) . Even though both cyclic loading and creep tests were performed up to the same load magnitude, USL specimens experienced higher loading rates during cyclic loading than during creep. This explains why higher strains were experienced by the USL specimens during cyclic loading. These findings may suggest that certain exercises, such as exercises where the USL are under constant loads over time (e.g., a squat or a wall sit for a prolonged amount of time) may cause less damage to the pelvic supportive ligaments than exercises where the loads are oscillating at a constant load rate (e.g., a high rep of squats or leg lunges).
Although the etiology of POP is unknown and likely multifactorial, alterations in the mechanical properties of the female pelvic supportive tissues are, without doubt, contributing factors. 2 Due to limited sample size and ethical concerns with examining human tissue, the selection of appropriate animal models for mechanical testing of pelvic tissues is crucial not only to explore the etiology of POP but also to develop new surgical techniques and better graft materials. Different animal models such as mice, rats, rabbits, sheep, swine, and nonhuman primates have been used to study POP. 16 Through this novel study, we have demonstrated the remarkable mechanical similarities between swine and human USLs. Our results together with the low cost and ease of breeding of swine and the fact that the swine naturally develops POP suggest that the swine holds promise as an animal model for perturbing the effects of variable conditions on the USL physiological properties.
CONCLUSIONS
Through this comparative mechanical study, we have shown that the swine has the potential to be a good large animal model for testing the mechanical properties of the USL. Swine and human USLs exhibit similar preconditioning/cyclic loading, pre-creep/elastic, and creep properties measured via planar biaxial testing in combination with DIC. The findings of this study will hopefully prompt future research on the supportive function of the USL using the swine as animal model to assess novel therapies for POP.
